Tobacco use is universally recognized as the foremost preventable cause of cancer in the United States and globally and is responsible for 30% of all cancer-related deaths in the United States. Tobacco use, including exposure to secondhand smoke has been implicated as a causal or contributory agent in an ever-expanding list of cancers, including lung, oral cavity and pharynx, pancreas, liver, kidney, ureter, urinary bladder, uterine cervix, and myeloid leukemia. In addition to and independent of the etiologic effects of tobacco carcinogens in numerous cancers, there is a growing literature on the direct and indirect effects of smoking on treatment efficacy (short-term and long-term outcomes), toxicity and morbidity, quality of life (QOL), recurrence, second primary tumors (SPT), and survival time as summarized below. Oncology health professionals have called for increased advocacy for tobacco control. Despite the critical relevance of smoking to cancer outcomes, most oncology clinical trials do not collect data on smoking history and status unless the malignancy is widely acknowledged as smoking related (e.g
Introduction
Tobacco use is universally recognized as the foremost preventable cause of cancer in the United States and globally and is responsible for 30% of all cancer-related deaths in the United States. Tobacco use, including exposure to secondhand smoke, has been implicated as a causal or contributory agent in an ever-expanding list of cancers, including lung, oral cavity and pharynx, pancreas, liver, kidney, ureter, urinary bladder, uterine cervix, and myeloid leukemia (1) . In addition to and independent of the etiologic effects of tobacco carcinogens in numerous cancers, there is a growing literature on the direct and indirect effects of smoking on increased risk of disease. This includes increased second primary tumors (SPT), decreased survival time, decreased treatment efficacy (short-term and long-term outcomes), increased toxicity and morbidity, and diminished quality of life (QOL) as summarized below. Many of these negative outcomes may be expected after longterm tobacco use, including increased prevalence of tobaccorelated comorbidities, such as cardiovascular and respiratory diseases. There also may be unanticipated consequences in which cancer and cancer treatment outcomes for current and former smokers may differ from nonsmokers.
Despite the critical relevance of smoking to cancer outcomes, most oncology clinical trials do not collect data on smoking history and status unless the malignancy is widely acknowledged as smoking related (e.g., lung or head and neck cancer). Usually, these data are collected only at trial registration. Changes in smoking status during treatment or follow-up are monitored in very few trials and are infrequently reported in sample descriptions or included in analysis plans as a potential moderator of outcomes.
Based on mounting evidence that tobacco use affects cancer treatment outcomes and survival, we recommend that smoking history and status be systematically collected as core data in all oncology clinical trials: at diagnosis, at trial registration, and throughout treatment and follow-up to long-term survival or death. We feel that the inclusion and analysis of such data in clinical trials will add important information to the interpretation of outcomes and the development of scientific knowledge in this area. Smoking status has been called another ''vital sign'' because of its relevance to a patient's immediate medical condition (2) . We explain the critical value of knowing the smoking status of every patient with cancer at every visit by providing a brief overview of the following research findings: (a) the adverse effects of tobacco use on cancer treatment and outcome; (b ) some unexpected results concerning smoking status, treatment, and disease outcome; (c) recent findings about the biological interactions of tobaccorelated carcinogens in malignant processes; and (d) the questions that remain to be addressed. Finally, we provide some recommendations on what smoking data to include in clinical trials; these may be important in clinical practice more generally. These issues are not unique to oncology clinical trials conducted by cooperative groups (the focus in this article) but are relevant for investigator-initiated studies and for other diseases, particularly cardiovascular and respiratory drug trials.
Effects of Smoking on Cancer Treatment and Outcome
The list of direct and indirect adverse health consequences of tobacco use on health status continues to expand, affecting nearly every organ in the body, including heart disease, chronic obstructive pulmonary disease, osteoporosis, cataracts, etc. (3). Thus, before the diagnosis of cancer, both current and former smokers might be expected to have an increased number and severity of tobacco-related comorbid conditions that would adversely affect their general health status, symptom experience, and QOL. A growing number of reports in the medical literature describe the effects of smoking cigarettes on cancer treatment and outcome, both short and long-term (4, 5) . The long-term effects of smoking in patients with cancer are uniformly negative, although risks decline with time since cessation. The risk of SPTs is significantly increased in smokers (6) (7) (8) (9) (10) (11) (12) (13) . This elevated risk applies to malignancies that are related to smoking and those that are not; as an example, individuals treated with radiation therapy to the chest (e.g., for breast cancer) are at increased risk of lung SPTs if they smoke (14, 15) . Stopping smoking, even at diagnosis, significantly reduces the risk of SPTs (refs. 9, 16, 17; cf. refs. 6, 18) . Overall survival is also poorer in smokers either as a direct result of malignancy or as a consequence of other smoking-related diseases (19) (20) (21) (22) (23) (24) . In one study, men who had undergone curative external beam radiation therapy for localized prostate cancer and who were current smokers had more aggressive cancers, were at increased risk of relapse, and had higher overall mortality (25) . In another study, patients with early-stage lung cancer had poorer survival if they were current smokers at the start of definitive radiation or chemoradiation therapy (26) . Furthermore, smoking has been reported as a predictor of shorter survival in patients with lung cancer independent of expected tobacco-related comorbid conditions (27) .
Multiple studies have supported the deleterious consequences of tobacco use during cancer treatment. For example, smokers can develop severe pulmonary complications following surgery (28, 29) . Thus, many surgeons insist that patients stop smoking for at least 2 weeks before an operation (30) , and some recommend a minimum of 2 months of abstinence if timing permits (31) . Major pulmonary complications resulting in increased death rates have been reported in patients following pneumonectomy who continued to smoke up to 1 month before surgery compared with those who had quit earlier (32) . Furthermore, wound healing is compromised by smoking as a function of the vasoconstrictive actions of nicotine, an effect that has been shown dramatically in breast reconstruction after mastectomy and in surgery for smokingrelated tumors (33, 34) . Smoking also increases complications of radiation therapy. Patients with head and neck cancer, who continued to smoke during radiation therapy, experienced reduced treatment efficacy and increased toxicity and side effects (21) . In a study of women who underwent pelvic radiation therapy for stage I or II carcinoma of the cervix, smoking one or more packs of cigarettes per day was the strongest predictor of small bowel complications (35) . In addition, smoking history was a major risk factor for radiation pneumonitis after therapy for lung cancer (36) .
The effects of smoking during chemotherapy have been explored the least, probably because of the failure to assess and record smoking status and dose during treatment. However, some potential sequelae of smoking include exacerbation of drug toxicity and side effects, further impairment of immune function, and increased incidence of infection (37) (38) (39) (40) (41) . Treatment-related weight loss and cachexia would also be expected to be exacerbated by smoking because smoking suppresses appetite and weight gain (42) (43) (44) . Nicotine alters the basal metabolic rate; thus, smokers have increased energy expenditures that might exacerbate cancerrelated cachexia (45, 46) albeit via a different mechanism. Furthermore, via the induction of hepatic enzymes, nicotine increases the metabolism of many pharmaceutical agents, thus potentially decreasing their efficacy (30, 47) . This observation needs to be explored further in relation to chemotherapeutic agents.
Smoking puts patients at risk for comorbid diseases that adversely affect QOL and can confound QOL results for cancer clinical trials, a factor rarely considered in the analysis of these outcomes (48) . Such comorbidities are especially relevant for those diagnosed with early-stage disease who are likely to become long-term survivors. For example, women who are postmenopausal cancer survivors are at risk of osteoporosis, and smoking may further elevate this risk (3) . This may also be true for those treated with steroids and with premature menopause induced by cancer treatment. Limited evidence is available about the effect of continued smoking on QOL during the course of cancer treatment and survivorship. Poorer QOL at up to 3 years of follow-up has also been reported among survivors with lung cancer who continued to smoke after diagnosis (49) . In comparison with never smokers, persistent smokers reported significantly higher symptom distress scores and former smokers had intermediate scores.
Additionally, exposure to secondhand smoke, which is rarely assessed, is carcinogenic and is associated with significant comorbidity; therefore, it is relevant to both smokers and nonsmokers, especially women (e.g., nonsmoking wives exposed to active smoking by their husbands; refs. 1, 50-52). In a study of lung cancer survivors, exposure to secondhand smoke was an independent predictor of poor health status (53) .
Biological Interactions of Tobacco-Related Carcinogens in Malignant Processes
Although tobacco and environmental tobacco smoke are recognized to contain numerous carcinogens (1, 50) the role of these substances is unexplored in patients already diagnosed with cancer [e.g., determining the potential effects of benzo[a]pyrene and its up-regulatory effects on CYP1A1 (54) or its ability to mutate p53 (55)].
Nicotine is safe when used in nicotine replacement products for tobacco cessation (56) , and there are no specific contraindications in the oncology setting. However, the in vivo effects of long-term nicotine exposure could affect persistent cellular proliferation, inhibition of apoptosis, and stimulation of vascular endothelial growth factor, which can result in increased microvessel density within the tumor. In 1994, nicotine was found to reverse opioid-induced growth inhibition in lung cancer cells by activating protein kinase C through receptors on the cancer cells (57) . Since then, nicotine has been found to have multiple effects on several proteins within the intracellular signal transduction pathways in vitro. For example, in lung cancer cells, nicotine activates the mitogen-activated protein kinase pathway, resulting in inhibition of apoptosis (58).
Nicotine and 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone have been shown to activate the Akt pathway in human airway epithelial cells, resulting in induction of downstream substrates that promote cell cycle progression and inhibition of apoptosis (59) . The authors made a significant effort to identify the responsible nicotinic acetylcholine receptors and found that both a 7 (nicotine) and a 3 (4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone) subunits were involved.
Various research groups are currently studying nicotinic acetylcholine receptors and their functions (60) . Such functions could include intracellular communication downstream from the epidermal growth factor receptor, thus modifying the effect of oncologic drugs (61, 62) . In a mouse lung cancer model, nicotine increased vascular endothelial growth factor levels, resulting in increased microvessel density and increased tumor growth (63), compared with levels in animals not exposed to nicotine (64) . Nicotine also has been shown to induce extracellular signal-regulated protein kinase with resultant activation of cyclooxygenase-2 and increased vascular endothelial growth factor expression (65) . Trials of cyclooxygenase-2 inhibitors should investigate the influence of smoking on treatment efficacy. A recent laboratory study showed that exposure to tobacco smoke resulted in an increase in cyclooxygenase-2 expression due to stimulation of epidermal growth factor receptor (66) . With the plethora of potential effects that nicotine alone could exert on cancer cells and the number of times per day that nicotine or known carcinogens are inhaled, it is critical that these effects be assessed (67) , as such differences between smokers and nonsmokers may confound trial results.
Unexpected Trial Outcomes Related to Smoking
Although the existing knowledge about the disease effects of smoking support expected differences between smokers and nonsmokers (e.g., in specific diseases and in poorer general health status), there might be some unanticipated outcomes as well. Smoking status has been shown to have an unexpected effect in several clinical trials.
h-carotene (68), a micronutrient that as a dietary component has been found to be strongly associated with reduced cancer risk in epidemiologic studies, and h-carotene plus vitamin A (69, 70) actually increased lung cancer incidence and deaths among current smokers in the treatment arms of two large-scale, randomized, controlled chemoprevention trials. In a randomized, controlled chemoprevention trial comparing isotretinoin and placebo in patients with stage I non -small cell lung cancer, there were no between-group differences in the rates of SPTs (primary end point) or recurrence or death (secondary end points; ref. 20) . However, in the isotretinoin arm, in multivariate analyses, recurrence and mortality rates were significantly increased among those who were current smokers at entry compared with never smokers.
Lynch et al. (71) recently showed that never smokers are the most likely to experience a response to a chemotherapeutic agent that interacts with a tyrosine kinase. In a therapeutic trial combining erlotinib or placebo with paclitaxel and carboplatin chemotherapy in patients with stage IIIB or IV non -small cell lung cancer, there was no difference in the primary end point: survival time between the two arms. However, never smokers in the erlotinib arm survived twice as long (22.5 months) as those in the placebo arm (10.01 months); neither current nor former smokers experienced any survival benefit (72) . Recent work has suggested that a history of cigarette smoking interacts with mutations in the tyrosine kinase inhibitors and that such mutations are more likely to occur in never smokers (71) . Thus, epidermal growth factor receptor-tyrosine kinase inhibitors, alone or combined with chemotherapy, might plausibly specifically benefit never smokers who express epidermal growth factor receptor mutations; this hypothesis awaits testing in a prospective trial (66, 72) .
Effects such as these also may be occurring in other studies but are unknown because relevant data on smoking are missing or, if collected, are not included in the analysis. Thus, it is not possible to determine the effects of smoking alone on clinical trial outcomes or of the interaction between smoking history and status and therapy. In addition, because of smokers' increased risk of comorbid disease, especially cardiovascular and respiratory, they may be less likely to meet the physical and functional status criteria for entry into clinical trials.
Unexplored Topics
We list five unexplored topics here but expect that others can identify additional, equally important areas. Our top five include the following:
1. The effects of smoking on the efficacy of chemotherapy, radiation therapy, immunotherapy, vaccine therapy, and new anticancer pharmaceutical agents currently under development. Three subtopics include the following:
(a) The effects and interactions of smoking and therapy may differ for different smoking-related cancer sites, such as lung versus head and neck (20) . (b) The conflicting data in several studies showing no effect versus a positive effect of cessation on prognosis may reflect a lack of adequate data (18, 19, 21, 27, 73) ; and (c) The effects of smoking on treatment outcomes in nonsmoking-related tumors are unexplored.
2. The effect of smoking history and status on sex differences in survival and unwanted effects of cancer treatment. For example, women with lung cancer tend to survive longer than do men, perhaps due to their consistently shorter tobacco exposure history (74, 75 
Recommendations: Including Smoking Data in Clinical Trials
Measurement of Smoking History and Behavior. Changes in smoking status and behavior (e.g., cessation or relapse) during and after cancer treatment are extremely important to assess and account for in analyses of trial outcomes. For decades, the epidemiologic convention of summarizing smoking history and dose in terms of pack-years (number of packs smoked per day multiplied by number of years smoked) has dominated the epidemiologic and clinical descriptions of smoking. However, this variable does not provide the relevant detailed information about smoking behavior.
Peto (78) suggested that duration of smoking (i.e., years smoked) is a much stronger factor than dose (i.e., cigarettes smoked per day) for lung cancer risk and that the two are independent variables. When asked, in the clinical setting, how long they have smoked, patients often respond ''20 to 30 years.'' However, if the average age at diagnosis of lung cancer is f65 years and the average age at smoking initiation is f15 years, the 20-to 30-year figure may be a serious underestimate. Asking the age at which a patient started to smoke and then calculating the duration by subtracting the age of smoking initiation from the patient's current age is more accurate. Thus, using data on smoking from medical records may obscure analytic findings because of lack of precision. For example, Toh et al. (79) did not find a statistically significant difference in survival among patients with non -small cell lung cancer who were smokers and those who were nonsmokers; however, the data on smoking history and current smoking status were assessed from physician case records and were limited.
Nicotine dependence is a good indicator for the clinician of the intensity of cessation treatment required and serves as a guide for pharmacologic treatment with nicotine replacement or bupropion. Nicotine dependence can be assessed by whether a patient smokes during the first 30 minutes after waking (80) . Measures of readiness to quit smoking (81) and secondhand smoke exposure are also useful for advice and referral purposes (see Assessment and Analytic Issues).
As summarized above, trial outcomes, QOL, prognosis, and survival can be adversely affected by smoking status. Thus, it is critical to assess smoking status (current, former, or never smoker) at each patient visit, including all posttreatment follow-up visits. Gritz et al. (82) assessed patterns of smoking and cessation over time in patients with stage I non -small cell lung cancer participating in Lung Cancer Study Group trials. Most current smokers at registration attempted to quit within the first year (83.2% point prevalence, with 53.0% sustained abstinence), but only 59.6% were abstinent 2 years later (with 47.0% sustained abstinence). Smoking status fluctuated over the follow-up period; 43.4% of current smokers at registration had multiple periods of smoking and abstinence during follow-up. Garces et al. (49) reported that 30% of 5-year lung cancer survivors who were smoking at baseline continued to smoke at a follow-up assessment. Sarna et al. reported 13% current smoking among long-term survivors of lung cancer (83) . High rates of sustained abstinence were reported in a smoking cessation trial conducted among patients with newly diagnosed squamous cell carcinomas of the head and neck. When the health care team (physician and dentist) delivered smoking cessation advice and treatment, 70.2% of all patients were continuously abstinent at 1 year of follow-up (84) . In this same study population, QOL was poorer in patients who were still smoking at 1 year of follow-up than those who had quit (85) .
Assessment of tobacco use may serve as an intervention, prompting patients to quit (2, 56) . However, some clinicians may fear that continually assessing patients' smoking ''blames'' the patient. For example, a qualitative study of 45 patients with lung cancer in the United Kingdom revealed that many reported stigma and blame associated with lung cancer because of the link to smoking (86) . This was felt by some participants to impair their interactions with health care professionals and their access to care. However, if continuing to smoke exacerbates unwanted effects and shortens survival, the patient and family should be informed in an empathic and nonjudgmental manner and offered assistance with cessation as well as symptom management. In a similar vein, one item on the Functional Assessment of Cancer Therapy-Lung survey (76) asks whether current smokers regret their smoking. It would be interesting to perform an analysis of this item in relation to QOL and distress scores and later changes in smoking status. Regret could be construed in a self-blaming manner, similar to guilt, but it may also serve to motivate change, particularly at the time of diagnosis.
Because most patients are aware that smoking is the cause of their malignancies and is harmful to their health overall, they may be reluctant to admit that they continue to smoke or began smoking again during or after treatment. In a study by Gritz et al. (84) , the validation rate of self-reported nonsmoking status, as measured by urinary cotinine, was consistently between 85.6% and 91.3% during the 1 year of follow-up, representing a low rate of misreporting. However, in the Head and Neck Retinoid Chemoprevention Trial (13), 39.1% of patients who had quit smoking within the year before trial enrollment (recent former smokers) and 7.9% of patients who had quit for >1 year before (long-term former smokers) had serum cotinine levels consistent with smoking. This finding reflects both the unreliability of self-reported quitting around the time of cancer diagnosis and patients' potential reluctance to reveal continued smoking (see also refs. 18, 83). In addition, there are reports of inconsistencies between self-reported smoking status and biochemically verified smoking status in patients with cancer that are sometimes associated with serious treatment consequences (33, 83) . The case is frequently made that self-reports of smoking status are accurate in many settings, but ''high demand'' medical situations may put a patient more in conflict about honest reporting. Inexpensive and rapid verification of self-reports by breath carbon monoxide or salivary or urinary cotinine dipstick determination should be built into research trials (87) and into clinical practice.
Assessment of Smoking by Oncology Cooperative
Groups. An informal assessment of the current practices of major U.S. medical, radiation, and surgical oncology cooperative groups revealed that none routinely collect data on smoking history and status at registration for all studies. For example, the American College of Surgeons Oncology Group does not collect data on smoking status routinely or in trials involving smoking-related tumors. However, in several cooperative groups, studies involving smoking-related cancers (particularly aerodigestive), smoking data are usually collected at registration but are not regularly reassessed subsequently. The reason for this failure is that many researchers and/or cooperative groups stipulate that an outcome effect on smoking must be included in the research objectives to justify collecting such data. Furthermore, cooperative groups lack adequate support for the collection and storage of all desired, but not specifically required, information. This is true of the Cancer and Leukemia Group B, Southwest Oncology Group, Eastern Cooperative Oncology Group, Gynecologic Oncology Group, and Radiation Therapy Oncology Group.
The Radiation Therapy Oncology Group has a voluntary patient-completed demographic form that includes an assessment of smoking history and status (including current smoking status according to the National Health Interview Survey definitions, age at initiation, number of years smoked, average number of cigarettes smoked per day, and, for former smokers, age at cessation). In addition, Radiation Therapy Oncology Group protocol 9801, a randomized phase III trial of amifostine as a radioprotective agent in non -small cell lung cancer therapy, has a pretreatment, patient-completed assessment form that also includes subcategories for former smokers (within 1 year versus >1 year), an assessment of nicotine dependence, and current use of nicotine replacement therapy. In the Prostate Cancer Prevention Trial (Southwest Oncology Group protocol 9217), smoking history, smoking status according to the National Health Interview Survey definitions, and use of other tobacco products were assessed at registration. An interesting finding was that pack-years of smoking was a significant predictor of some level of self-reported sexual problems at baseline (88) .
Serving as strong examples, several trials that we have cited in this article (13, 18, 20, 21, 71, 72) 4 and others have made detailed assessments of smoking at registration and throughout treatment, including some into follow-up. This brief review is intended to be exemplary rather than exhaustive and to suggest future ''best practices.'' Support for collecting these critical data is needed from the clinical and scientific community, from the financial sponsors, including the National Cancer Institute, and from the cooperative groups themselves.
Assessment of Smoking and Analytic Issues. Table 1 contains a suggested list of standardized items for clinical trial core-data items drawn from national survey data (89) or used in many smoking cessation research studies. The minimum core set of items for initial assessment includes numbers 1 to 6 assessing smoking history, current smoking status, and dose at initial assessment and numbers 1 and 2 for follow-up assessments. Patients might be reluctant to admit persistent smoking with a diagnosis of a malignancy, especially if the malignancy is a tobacco-related cancer. Therefore, it is highly desirable to perform biochemical verification of their smoking status with serum, urine, or salivary cotinine, or exhaled carbon monoxide (87) . As supported by recommendations in the Treating Tobacco Use and Dependence. Clinical Practice Guideline (56), additional items that should be assessed for a more complete description of smoking behavior and exposure and to guide clinical advice for quitting and relapse prevention include nicotine dependence (80) , readiness to stop smoking (81) , other forms of tobacco use, and secondhand smoke exposure (see ref. 50) .
The classification of smoking status for assessment and analytic purposes is not standardized across oncology clinical trials in the same manner that it is in most behavioral smoking research studies. It is critical to use standardized definitions, such as those found in the National Health Interview Survey and Behavioral Risk Factor Surveillance System (89), in assessing smoking status, and it is equally critical to follow such standards when proposing analytic strategies. One of the challenges to any classification scheme (6, 13, 18) . In such studies, former smokers include only those individuals who quit smoking >1 year ago. Several studies have found treatment-by-smoking interactions in which current smoking is associated with a harmful effect, but benefit is seen in never smokers (20, 71, 72) . The repeated assessment of smoking status throughout treatment and follow-up is also critical to monitoring these interactions and the long-term influences of continued smoking versus stopping (18) . Thus, it is increasingly important to accurately classify smoking status in analysis, and we argue strongly against merging recent quitters with current smokers. We suggest four strata in analysis: never smoker, current smoker, recent former smoker, and long-term former smoker (see Table 1 , Initial Assessments, for items and coding).
In smaller trials, there may be sample size issues that affect whether an analysis has sufficient power to detect significant differences among strata. Treatment-by-smoking interactions are statistically complex, and analyses may sometimes need to be secondary rather than primary. Further, adverse reactions may differ markedly by smoking status; thus, small sample size alone should not preclude collection of this information.
We recommend incorporating specific smoking hypotheses to be prospectively tested in large phase III trials and that a data bank of clinical trials be created to investigate the important questions raised in this article.
Conclusions
We can no longer ignore the obvious: smoking is a critical variable that affects cancer treatment and outcome and has been shown to vitiate or interact with the effects of some therapeutic agents and chemopreventive agents. Measurement of smoking history and status in clinical trials of cancer therapy will increase our knowledge of the adverse effects of the constituents of tobacco smoke, including nicotine, and of drug interactions.
Oncology health professionals have called for increased advocacy for tobacco control (90) (91) (92) . Furthermore, the routine inclusion of smoking status and cessation need to become a standard of care for all patients (56, 93) . The inclusion of smoking data in oncology clinical trials will also provide clinicians with improved means of delivering individualized advice to patients with cancer that may be critical in motivating their cessation efforts and sustained abstinence. Scientific, financial, and clinical support is critical to this goal.
The failure to date to assess, analyze, and report smoking status has limited our ability to investigate the effect of smoking on treatment efficacy and outcome. The time has come to integrate data about the single most important lifestyle risk factor in cancer prevention into cancer treatment and survivorship trials.
